The ORELA experiment on the neutron charge radius has been reevaluated. The neutron transmission of liquid thorogenic 208 Pb with the neutron time-of-flight method in the neutron energy range from 0.08 to 800 eV was measured. Additional studies on condensed matter effects for liquid Bi and liquid Pb have provided more accurate corrections resulting in smaller systematic uncertainties for the neutron-electron scattering length b ne . We have also reevaluated the transmission data on liquid Bi of Melkonian and co-workers. 
I. INTRODUCTION
The charge radius of the neutron ͗r n 2 ͘ or the mean squared charge radius is described by the volume integral over the neutron ͐(r)r 2 d, where r is the distance to the center of the neutron and (r) is the charge density. Positive as well as negative values of (r) will occur coming from the distributions of valence quarks and the negative -meson cloud outside. Since (r) is negative for larger r values, caused by the meson cloud, the r 2 dependence of the integral will lead to a negative value of ͗r n 2 ͘.
Many experiments have been carried out to determine ͗r n 2 ͘. In the literature the neutron-electron scattering length b ne is usually measured and is related to the charge radius ͗r n 2 ͘ by ͗r n 2 ͘ϭ 3m e a 0 m n b ne , ͑1͒
where a 0 denotes the Bohr radius and m n and m e are masses of neutron and electron mass, respectively. For 208 Pb and 209 Bi, the most suitable elements for determining b ne from transmission measurements, the elastic scattering is dominated by coherent neutron waves of the neutron nucleus interaction. The cross section is about 10 b and is described in first order by coh ϭ4b c 2 where b c is the coherent scattering length which does not depend on neutron energy.
The effect of neutron-electron scattering is caused by the interaction of the charge radius ͗r n 2 ͘ with the electric charge densities of nucleus and electrons bound in diamagnetic atoms. Neutron waves scattered by the nuclear interaction and those scattered by the charge density interfere coherently with each other. Thus the neutron-electron cross section ne is expressed in first order by the interference term ͓1͔ ne ϭϪ4͕2b c b ne ͓ZϪ f ͑Z,E͔͖͒, ͑2͒
where ne is always positive since b ne is negative because of the inherent structure of the neutron. The charge density of an atom is given by ZϪ f (Z,E), where f (Z,E) takes into account the electron cloud and is obtained from a 4 integration over the atomic form factor f (Z,q) which is measured by x-ray scattering ͓2͔. Figure 1 shows ZϪ f (Z,E) for lead atoms and determines with Eq. ͑2͒ the energy dependence of ne . For sufficient low energies E the contribution from ZϪ f (Z,E) is negligible and ne ϭ0.0 b. For sufficient high energies we obtain ZϪ f (Z,E)ϭZ and ne ϭϪ4͓2b c b ne Z͔Ӎ0.2 b, whereas the strong interaction remains almost unchanged over the whole energy range. Therefore, it is evident that Ӎ95% of the change of neutronelectron cross section occurs in the range from zero up to 18 eV ͓3͔.
In the literature, see Table I , some important knowledge for b ne has been deduced with the help of Eq. ͑2͒. Information for Eq. ͑2͒ is obtained from accurate measurements of the transmission T(E) of neutrons through a sample given by
where N is the sample thickness. Pb data ͓4͔, a set of eight very good single runs. Figure 2 shows the results of one run in the energy range between 0.08 and 10.0 eV.
Also plotted are four data points for liquid 209 Bi which came from one of 10 runs listed in the Tables III and IV.  These   209 Bi data were measured by Melkonian et al. ͓5͔ four decades ago: Monochrome reactor neutrons were supplied with a crystal spectrometer. The total cross sections as well as the corrections were published ͓5͔. This allowed to calculate T(E) for Eq. ͑3͒. For the plot values of Bi we assumed a thickness of Nϭ0.187 atoms/b which is equivalent to our Pb scattering thickness.
The measurement and evaluation of the
208
Pb data are the basis of the present publication. We describe the neutron TOF measurement for the 208 Pb data ͑Sec. III͒ as well as the data analysis ͑Sec. IV͒ where a refined calculation of the condensed matter correction ͑Sec. IV C͒ produced a small change of our previous result of b ne .
Furthermore, we have reevaluated the
209
Bi data ͓5͔ since the original result from these data disagreed with our value ͓4͔, see Table I . We tried to find the reason for this disagreement ͓6͔ and analyzed the transmission data of Refs. ͓4͔ and ͓5͔ with the same evaluation technique.
II. LITERATURE
As early as 1947 Fermi and Marshall ͓7͔ realized the coherent interference between neutrons scattered by the nucleus and the atomic cloud and made the first attempt to measure b ne .
A chronological listing of the experimental results ͓3-5,7-17͔ is given in Table I showing a variety of methods. Besides the angular correlation experiment of Krohn and The first theoretical estimation of the neutron-electron interaction was derived by Foldy ͓18͔ in 1952 . He considered the interaction of a pointlike neutron with an external electromagnetic field. The main contribution, arising from the anomalous magnetic moment of the neutron, corresponds to the Foldy-scattering length b F ϭϪ1.468ϫ10 Ϫ3 fm. As shown in Table I the value of b F accounts for approximately 90% of the total neutron-electron scattering length. Therefore, there cannot be any doubt that the neutron-electron scattering length has a negative sign.
In recent years, the reliability of experimental values of b ne has been discussed extensively ͓19-26͔. The main attention has been laid on the fact that the experiments can be grouped around two values, which differ by approximately 20% or about five standard deviations. In addition it has been emphasized that b ne -b F shows different signs for the two groups. New interesting experimental ͓27͔ as well as basic physics aspects ͓28͔ indicate that the discussion will be continued in the future.
III. MEASUREMENT
The measurements of the 208 Pb data were performed at the Oak Ridge electron linear accelerator ORELA. The neutron TOF source had a repetition rate of 100 Hz and a pulse width of 20 ns. Transmission data were taken at a flight path length of 18 m in the energy range between 0.07 eV and 10 keV.
The neutron detection system consisted of a 1 mm 6 Li-glass scintillator and two RCA 8854 photomultiplier tubes. The tubes were mounted perpendicular to the incoming neutron beam, viewing the scintillator from both sides. The analog signals of the two tubes were added and fed into a 100 Mhz flash analog-to-digital converter ͑ADC͒ providing a continuous 256 channel bit pattern. The scintillator timing signal generates bit patterns in the flash ADC coming from the neutron time of flight ͑TOF͒ as well as from the pulse height of the detector signal. With the TOF data and the pulse height data a two-dimensional histogram is populated and stored on disk and magnetic tape. For each run histograms were taken for open beam, sample in the beam, various filters in the beam, etc., and are considered to be the raw data of the experiment. Figure 3 shows an example of the neutron-TOF spectra where the spectra were normalized and converted to neutron energy. The insert of Fig. 3 gives a pulse height spectrum dominated by neutron events as seen by the (n,␣) peak of 6 Li. To carry out a high accuracy transmission measurement it is essential to control in detail the spectrum of the detector signal pulse height for both the ''open beam'' and the ''sample in beam'' as a function of neutron TOF to insure that the photomultipliers and their gates perform correctly ͑the photomultiplier gates suppress the effects of the prompt ␥ flash to a high degree͒. The discrimination was checked by the sharp cut off at low channel numbers and by the channel position of the 6 Li peak. Finally, a computer made diagram for the time differences between subsequent pulses allowed to see quantitatively any deviations from the requested exponential distribution.
In addition any neutrons can be identified at the bottom of ''blacking out'' resonances or at the Cd cutoff as shown in curve C of Fig. 3 . For the detector setup of flight path No. 1 at 18 m only very few neutrons were observed at the bottom of blacking out resonances.
The deadtime of the whole data-acquisition system was Ӎ130 ns and gave corrections below 1%. Since we recorded the time differences between two subsequent signals, we were able to handle this correction with an accuracy which is more than sufficient for our purpose. The neutron overlap was reduced with a 0.7 mm Gd foil. The remaining overlap was measured using a repetition rate of 50 Hz, enabling us to correct accurately for this effect. To determine the background we used both polyethylene scatterers and black resonance filters. A very good consistency was achieved for the main transmission ͑deduced by curves A and B in Fig. 3͒ after correcting for the attenuation of neutrons and ␥ rays through scatterers and filters. The signal-to-background ratio in the black resonances was as high as 1500. The applied corrections for deadtime, overlap and background are shown in Fig. 1 
Because of the required high sensitivity for small cross section changes, we needed low transmission values T(E) and therefore thick condensed matter samples, see Eq. ͑3͒.
As it is very difficult to correct for interference effects of any solid material, liquid materials are to be preferred ͑see Fig. 5 , curve C͒ and we started the measurements with samples of natural liquid lead ͑see Fig. 4͒ . All samples had a diameter of 5 cm and a length of 5 cm. Both ends of the cylinder were closed with Al windows which had a thickness of 3.5 mm. Two thermoelements were inserted into the lead sample to measure the temperature of the heating coils as well as of the liquid directly. windows and the compensator plates in a previous experiment at very low energies.
Later on we continued with a thorogenic lead sample which had a thickness of 0.154 atoms/b and finally, we obtained with this sample the set of eight runs of the Pb is much lower than that one for the natural lead. Therefore and contrary to the natural lead both the absorption and the incoherent scattering of the sample are small enough to be known with sufficient accuracy ͑see Fig. 5 , curve D͒. In addition the less critical energy dependence of the resonance correction is much smaller ͑see Fig. 5 , curve I͒.
IV. DATA ANALYSES

A. Neutron cross sections
The total cross section tot (E) for Eq. ͑3͒ is given as a function of the neutron energy E by
where abs , coh , and inc are the absorption, coherent scattering, and incoherent scattering cross section, respectively. The functions S coh (E) and S inc (E) describe the condensed matter correction. For the nuclides and the energy range of concern the absorption cross section shows a 1/v behavior. Therefore we write for the cross section
where the constant c abs is determined from the cross section data of Ref.
͓29͔.
For the incoherent cross section inc we have to consider two contributions accounting for the variation of the scattering lengths: the spin and the isotopic incoherence. The cross section can be written as
The sums extend over all isotopes j,k and the possible spin orientations s,sЈ where p j ,p k are the abundances of the isotopes and g js ,g ks Ј the spin statistical factors of the isotopes and spin states. Finally a js ,a ks Ј are the scattering lengths for the respective spin state of the isotopes.
The expression for the coherent scattering cross section is in first Born approximation
where LS (E) denotes the Schwinger cross section, b c (E) the nucleus coherent scattering length ͓30͔ including the effective range correction, b R (E) the energy dependent contribution of the resonance scattering ͓29͔ and b p (E) the contribution caused by the polarizability of the neutron ͓31͔.
B. Evaluation procedure
The important interference term of Eq. ͑2͒ which is sensitive to values of b ne can be found in Eq. ͑7͒. Furthermore, Eqs. ͑3͒-͑7͒ contain all relevant quantities. Most of them are described in more detail in the following Secs. IV C, IV D, and IV E. Altogether, Eqs. ͑3͒-͑7͒ determine the procedure to obtain values of b ne from the data.
First we calculate the transmission data T(E) as a function of E. For the 208 Pb data the T(E) values are obtained from the raw data correcting for deadtime, background, and overlap neutrons. For the 209 Bi data we obtain the T(E) values from the published cross sections ͑Ref. ͓5͔ in Table I͒ and from the corrections ͑Ref. ͓5͔ in Table III͒. Then, with Eqs. ͑4͒-͑7͒, the calculations were carried out to fit b ne with the method of least squares. Because of the relative high uncertainties of the absolute values of T(E), we fit the relative transmission as a function of the neutron energy E using a normalization factor. Hence, we have a twoparameter fit with ͑i͒ b ne and ͑ii͒ the normalization as fit parameters. The normalization factor is not noted in the equations.
C. Corrections
The Schwinger cross section is the cross section of the neutron spin-orbit coupling and can be written according to
in which F ϭ4b F 2 is the Foldy cross section and
In this equation q is given by the momentum transfer បk, where k denotes the wave number kϭ2.1968 ϫ10
and E in eV͒. The quantity m A is the atomic mass and the function f (Z,q) is the differential atomic form factor which is also responsible for the integrated form factor f (Z,E) mentioned earlier. The values of LS are shown in Fig. 5 , curve E.
The scattering length b p (q) of the electric polarizability of the neutron can be approximated with the nuclear charge radius R N ϭ1.2027A 1/3 fm by
where the constant ␣ n is the electric polarizability ͓31͔ ͑see Fig. 5 , curve G͒. The resonance scattering length b R (E) for the resonance contribution is given in terms of the R-matrix theory by
where the summation j is carried out over all resonances. The resonances are described ͓29͔ by the resonance energy E j , the total width ⌫ j , and the reduced neutron width ⌫ jn 0 . The scattering length Eq. ͑12͒ includes the zero-energy contribution b R (0) which is a part of the nucleus coherent scattering length b c (E). Because of this we have to consider for the resonance correction only b R (E)-b R (0).
D. Condensed matter effects
The correction for the interference effects in liquids was introduced by Eq. ͑4͒ using the functions S coh (E) and S inc (E). These functions were derived by Placzek et al. ͓32,33͔ in the 1950s and are shown in the relations Eqs. ͑13͒, ͑14͒:
where k B is the Boltzmann constant and the sample temperature. The quantity k B /(2m A E) gives the Doppler term and accounts for dynamic effects in the liquid. The term C(,E) in Eq. ͑13͒ comes from effects of the static structure of the liquid.
Previously in Ref. ͓4͔ we assumed that C(,E) is given by C() of the following Eq. ͑15͒ which does not depend on the neutron energy E:
where L is the density and S(q) is the static structure function as it has been derived for a hard sphere model ͓34͔. The energy dependence is removed by the integration with the asymptotic limit, where the q-integration is extended over a sphere with an infinite radius. Also in the work of Melkonian et al. ͓5͔ the correction was made with C() of Eq. ͑15͒.
At neutron energies as low as 0.1 eV this asymptotic limit is no longer adequate. Therefore we integrated only up to a sphere of the radius 2k 0 where k 0 is the wave number of the incoming neutron. An energy dependency is obtained for C(,E) in Eq. ͑16͒ by
The numerical integration over the static structure function is actually only necessary for neutron energies below Ӎ0.5 eV; at higher energies the asymptotic function is sufficient. To derive this integral we used the static structure function as described by Ashcroft and Lekner ͓35͔, i.e., the solution of a hardcore model. In Fig. 6 the energy dependence of the term C(,E) is plotted for liquid lead at a temperature of 623 K.
E. Static structure functions
As mentioned in the previous section we have used a hard-core model for the static structure function, and although this model is rather simple it can accurately describe this function for liquid lead. The calculated function by Dahlborg et al. ͓34͔ is compared to experimental data in Fig.  7 . In spite of this good agreement the uncertainty in the determination of the liquid density and the hard core diameter leads to a relative large systematic uncertainty for determining the neutron-electron scattering length.
To estimate the size of this uncertainty we used two different approaches.
͑i͒ As in the previous evaluation ͓4͔, we fitted our data for different energy ranges. As the condensed matter correction decreases with increasing neutron energy, shifting the fitted energy range to higher energies should reduce the influence of this correction. But with higher neutron energies the effect from b ne becomes smaller and increases the statistical uncertainty. Nevertheless this procedure allows us to check whether the value of b ne exhibits a constant increase or decrease with increasing lower limit. Any such behavior would give a strong indication that something is wrong with the correction. The numerical details are very similar to those given in a table in Ref. ͓4͔. ͑ii͒ In the second step, we changed the liquid parameters within their determined uncertainty leading to an estimate for the total systematic uncertainty of 0.03ϫ10 Ϫ3 fm. This is the only systematic uncertainty and is quoted in the final result.
Unlike that for the liquid lead sample, the static structure function of liquid bismuth cannot be described satisfactorily with the simple hard sphere model. This is due to the ''shoulder'' at the first peak in the static structure function, see Fig. 8 , and to the fact that the hard sphere density is not in agreement with the ''physical'' liquid density. Therefore one should bear in mind these two problems when applying the rather simple condensed matter correction and an additional systematic uncertainty should be introduced. We estimated that the systematic uncertainty should be increased by at least a factor of two and we quote a systematic uncertainty of 0.06ϫ10 Ϫ3 fm for bismuth.
V. RESULTS
Results were obtained for both liquid samples of 208 Pb and 209 Bi applying the evaluation procedure in Sec. IV B. The given statistical uncertainties include the additional uncertainty introduced by the uncertainty of the free normalization parameter.
A. Neutron-TOF measurements of liquid 208 
Pb
As decribed in Ref. ͓4͔ all eight runs were corrected separately for deadtime, overlap, and background. Averaging these runs gave the transmission values and statistical uncertainties as listed in Table II and plotted in Fig. 9 . Small differences between Table II and Fig. 9 occur and are caused by averaging over different energy intervals.
The final result for the neutron-electron scattering length b ne is (Ϫ1.331Ϯ0.027)ϫ10
Ϫ3 fm. As quoted throughout this article, all statistical uncertainties correspond to a one standard deviation ͑͒. Figure 9 indicates the positive and negative deviation from the solid fit curve by two dashed lines. The small change with respect to the previously reported value ͓4͔ is within experimental uncertainties and arises from the new condensed matter correction explained by Eq. ͑16͒. Also, a very small shift of the result occurs because of taking now a much broader energy range from 0.08 to 800 eV.
Including the systematic uncertainty as discussed in Sec. IV D, our new value for b ne is given in Eq. ͑17͒ by b ne ϭ(Ϫ1.331Ϯ0.027Ϯ0.03)ϫ10
Ϫ3 fm where the statistical and the systematic uncertainties are denoted.
B. Melkonian's data for liquid 209 Bi
As already shown in Table I Bi data for single data sets as shown in Fig. 2 , we decided to study ͓6͔ the reason for the discrepant results as shown in Table I . Parallel to this the new solid state correction given by Eq. ͑16͒ was developed and applied to the where in both equations the two uncertainties denote the statistical and the systematic uncertainty, respectively. Considering only statistical uncertainties the difference between the related b ne values is about 2.6 . Including the systematic uncertainties, the b ne values of Eqs. ͑17͒ and ͑18͒ are fully compatible. The basis for this is the discussion of systematic uncertainties in Sec. IV D, where uncertainties of the static structure function of S(q) were transformed to uncertainties for the b ne values. However, even with smaller systematic uncertainties the results would still be compatible.
Considering the value of Eq. ͑18͒ with respect to the literature in Table I , we see that the result is in the middle between the Garching-Argonne and Dubna values. The answer to the question is still open, whether the less well known liquid correction of Bi or problems by the sample preparation mentioned by the authors ͓5͔ is more important.
B. Neutron-TOF measurements of liquid 208 Pb
The new result of b ne Eq. ͑17͒ is slightly more negative than our previous value ͓4͔ from the new liquid matter correction, where by the control of the static structure function, a higher systematic accuracy is possible.
The present type of investigation is so far the only accurate method where b ne is determined in a measurement with one experimental setup geometry. The result is in good agreement with the Garching-Argonne result, but in disagreement with the Dubna value, see Table I Bi data we obtain an important confirmation of our result.
Future experiments of this type look very encouraging and improvements are expected. Because of the surprising low background ͓4͔, measurements with thicker samples seem to be feasible which have higher sensitivities for b ne , see Eq. ͑3͒. A much higher accuracy might be possible by replacing the rather slow 6 Li scintillator ͑with a considerable amount of late light͒ with a future development of the very attractive liquid 3 He scintillator.
